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Toll-like receptor 2 deficiency hyperactivates the FoxO1
transcription factor and induces aging-associated cardiac

dysfunction in mice
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Toll-like receptors (TLRs) are a family of pattern-recognition
receptors involved in innate immunity. Previous studies have
shown that TLR2 inhibition protects the heart from acute stress,
including myocardial infarction and doxorubicin-induced car-
diotoxicity in animal models. However, the role of TLR2 in the
development of aging-associated heart failure is not known. In
this work, we studied aging-associated changes in structure and
function of TLR2-deficient mice hearts. Whereas young
TLR2-KO mice did not develop marked cardiac dysfunction, 8-
and 12-month-old TLR2-KO mice exhibited spontaneous
adverse cardiac remodeling and cardiac dysfunction in an age-
dependent manner. The hearts of the 8-month-old TLR2-KO
mice had increased fibrosis, cell death, and reactivation of fetal
genes. Moreover, TLR2-KO hearts displayed reduced infiltra-
tion by macrophages, increased numbers of myofibroblasts and
atrophic cardiomyocytes, and higher levels of the atrophy-re-
lated ubiquitin ligases MuRF-1 and atrogin-1. Mechanistically,
TLR2 deficiency impaired the PI3K/Akt signaling pathway,
leading to hyperactivation of the transcription factor Forkhead
box protein O1 (FoxO1) and, in turn, to elevated expression of
FoxO target genes involved in the regulation of muscle wasting
and cell death. AS1842856-mediated chemical inhibition of
FoxO1 reduced the expression of the atrophy-related ubiquitin
ligases and significantly reversed the adverse cardiac remodel-
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ing while improving the contractile functions in the TLR2-KO
mice. Interestingly, TLR2 levels decreased in hearts of older
mice, and the activation of TLR1/2 signaling improved cardiac
functions in these mice. These findings suggest that TLR2 sig-
naling is essential for protecting the heart against aging-associ-
ated adverse remodeling and contractile dysfunction in mice.

The mammalian heart responds to injury caused by infec-
tions, myocardial infarction, atherosclerosis, and pressure
overload by activating both the innate and the adaptive arms of
immunity (1). In response to cardiac injury, immunological
responses are activated to protect cardiomyocytes and promote
tissue repair (1). It is worth mentioning that inflammation is
associated with several forms of clinical heart failure (2). Impor-
tantly, inflammation drives left ventricular remodeling and car-
diac dysfunction in the heart (3, 4). Specifically, proinflamma-
tory cytokines, released by the inflammatory stimuli, are
sufficient to induce cardiac dysfunction in experimental ani-
mals (4). Therefore, several multicenter clinical trials were ini-
tiated in the last decade to treat heart failure by minimizing
inflammation in patients with moderate to advanced heart fail-
ure, by targeting tumor necrosis factor (TNF),® a key inflamma-
tory mediator. However, the targeted anti-TNF approaches did
not reduce heart failure and, instead, led to worsening of heart
functions, thus causing death in patients (5, 6). Collectively,
these studies provided evidence that inflammation might play a

° The abbreviations used are: TNF, tumor necrosis factor; TLR, Toll-like recep-
tor; PAMP, pathogen-associated molecular pattern; DAMP, damage-asso-
ciated molecular pattern; HW/BW, heart weight to body weight; HW/TL,
heart weight to tibia length; LVID, left ventricular internal diameter; qPCR,
quantitative PCR; ANP, atrial natriuretic peptide; BNP, brain natriuretic
peptide; MHC, myosin heavy chain; TUNEL, terminal deoxynucleotidyl-
transferase-mediated dUTP nick end labeling; WGA, wheat germ aggluti-
nin; MCP-1, monocyte chemoattractant protein 1; ICAM-1, intercellular
adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; GADPH,
glyceraldehyde-3-phosphate dehydrogenase; HRP, horseradish peroxi-
dase; SSC-A, side scatter area; ANOVA, analysis of variance; BAX, BCL2-
associated X; AIF, apoptosis-inducing factor; TRAIL, TNF-related apoptosis-
inducing ligand; PE, phycoerythrin.
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TLR2 deficiency induces aging-related heart failure

protective role in the heart and that blocking inflammatory
responses may be detrimental to failing hearts.

Toll-like receptors (TLR) are pattern-recognition receptor
proteins capable of recognizing pathogen-associated molecular
patterns (PAMP) and damage-associated molecular patterns
(DAMP), such as viral proteins, lipopolysaccharides, pepti-
doglycan, and RNA and DNA molecules (7, 8). Following the
activation of TLRs, immune cells produce several inflammatory
molecules such as TNFe, IL183, and IL6, etc. (9). Apart from
PAMPs, the activation of TLRs also depends on the presence of
DAMPs, which are released by the injured cells. DAMP recog-
nition is involved in the sensing of an ongoing infection to
recruit more cells as well as to initiate the repair of damaged
tissue. There are endogenous TLR ligands derived from the
host tissue or cells, which may either be components of the cells
or induced gene products under specific conditions (10). The
majority of these ligands are components of the extracellular
matrix, including fibronectin, biglycan, heparan sulfate, fibrin-
ogen, hyaluronan breakdown fragments, and oligosaccharides
of hyaluronan (11). Apart from extracellular matrix compo-
nents, biglycan, endoplasmin, HMGB1, HSP60, HSP70, human
cardiac myosin, hyaluronan, and monosodium urate crystals
are endogenous ligands for TLR2. Importantly, these endoge-
nous TLR ligands play a key role in the activation of TLRs dur-
ing the cardiac injury (11).

Although TLRs are generally expressed in immune cells,
TLR2, amember of the TLR family, is expressed in nonimmune
cells of the heart including cardiomyocytes, fibroblasts, and
vascular endothelial cells (12). Interestingly, the expression of
TLR2 is enhanced in several forms of heart failure (13-15).
Studies have shown that TLR2 deficiency attenuates myocar-
dial inflammation, reduces infarct size, and preserves ventricu-
lar function after ischemic injury in animal models (16). More-
over, TLR2 deficiency preserves the cardiac structure and
ventricular function after acute myocardial infarction (17). In
experimental mice models, TLR2 deficiency attenuated Staph-
ylococcus aureus- or doxorubicin-induced cardiac dysfunction
(18, 19). Along similar lines, TLR2 deficiency reduces the sever-
ity of atherosclerosis in low-density lipoprotein receptor—
deficient mice (20). In contrast to these studies suggesting a
detrimental role for TLR2 signaling in heart, a few recent
reports suggest that TLR2 deficiency exacerbates cardiac
hypertrophy and remodeling after transverse aortic constric-
tion in mice (12, 21). Notably, TLR2 deficiency causes mature-
onset obesity in mice and increases the susceptibility to high-
fat diet—induced weight gain. TLR2-deficient mice weighed
almost 30% more than their WT counterparts at 12 months of
age (22), suggesting that TLR2 deficiency increases susceptibil-
ity to metabolic diseases in an aging-dependent manner. Along
similar lines, TLR2-deficient mice develop severe colitis, which
is also associated with aging (23). It is worth mentioning that
TLR signaling is impaired during aging (24). Overall, these
studies suggest that an aging-related decline in TLR2 functions
might increase susceptibility to aging-related diseases such as
obesity and colitis. However, there is no information available
for the role of TLR2 in regulating cardiac aging in mice.

One of the major signaling pathways activated downstream
of TLR2 is PI3K/Akt signaling (25-27). TLR2 is reported to

13074 J Biol. Chem. (2018) 293(34) 1307313089

contain a PI3K-binding motif (YXXM) in its cytoplasmic
domain, which is responsible for binding TLR2 to the p85 sub-
unit of PI3K (25). Interestingly, activation of the PI3K/Akt sig-
naling prevents cardiomyocyte apoptosis as well as ischemia/
reperfusion injury in the myocardium (27, 28). The activated
Akt phosphorylates and inhibits FoxO transcription factors,
well-known downstream targets of Akt, thus contributing to
cell survival, cell growth, and proliferation (29). In human fail-
ing hearts the activity of Akt decreases, but the activity of FoxO
and atrogin-1, its target, increases (30). Three members of the
FoxO subfamily, FoxO1, FoxO3, and FoxO4, are essential for
maintaining cardiac homeostasis. FoxO transcription factors
bind to a conserved DNA-binding sequence, TTGTTTAC, and
work with several transcription factors such as [-catenin,
Notch, Smad, and PGC-1a as coactivators (29). The FoxO tran-
scription factors are highly expressed in mice models for car-
diac failure (31) and in the end-stage human failing heart (32).
Importantly, overexpression of FoxO is sufficient to induce
adverse remodeling and contractile dysfunction in mice (31).
The activation of FoxO induces cell death through increased
transcription of its target genes, including TRAIL, Bim, and
FasL. In addition, FoxO activation induces cell cycle arrest via
transcription of p27°iP!, p21°P! and GADDA45A. Interestingly,
FoxO activation transcriptionally up-regulates the expression
of the muscle-specific ubiquitin ligases atrogin-1/MAFbx and
MuRF1 to induce muscle wasting in heart (29).

In this work, we investigated the aging-associated changes
in the structure and function of TLR2-deficient mice hearts.
Interestingly, our results suggest that TLR2-deficient mice
develop aging-related cardiac dysfunction because of impaired
Akt signaling and subsequent hyperactivation of FoxO tran-
scription factors in the heart. Our results also indicate that the
activation of TLR signaling improved contractile functions in
aged mice.

Results

TLR2-deficient mice develop spontaneous gender-
independent accelerated cardiac aging and dysfunction

To study whether the loss of TLR2 increases susceptibility to
aging-associated cardiac remodeling and dysfunction, we ana-
lyzed the cardiac functions of TLR2-deficient (TLR2-KO) male
mice at 2, 8, and 12 months of age by transthoracic echocar-
diography. TLR2-KO mice lack TLR2 in all cell types found in
the mice. At 2 months of age, TLR2-KO male mice had
increased body weight but did not exhibit any evident changes
in heart weight to body weight (HW/BW) ratio and heart
weight to tibia length (HW/TL) ratio, which are indicators of
cardiac hypertrophy (Fig. 1, A-C). However, our results show a
mild reduction in the left ventricular posterior wall thickness,
fractional shortening, and an increase in the left ventricular
internal diameter (LVID) in 2-month-old TLR2-KO male mice
when compared with age-matched controls (Fig. 1, D-F).
When we analyzed the body weight, cardiac structure, and
functions of 8- and 12-month-old TLR2-KO male mice, we
found significant increases in body weight, HW/BW ratio,
HW/TL ratio, and LVID and reduced ventricular posterior wall
thickness, as compared with age-matched control male mice
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Figure 1. TLR2 deficiency induces cardiac remodeling and dysfunction. A, graph representing body weight (g) of WT and TLR2-KO male mice of different
age groups (2, 8, and 12 months). n = 12 mice/group. Data are presented as mean = S.D.; ¥, p < 0.05. One-way ANOVA was used to calculate p values. B, graph
showing HW/BW ratio of WT and TLR2-KO male mice of different age groups (2, 8, and 12 months). n = 12 mice/group. Data are presented as mean = S.D.; *,
p < 0.05.One-way ANOVA was used to calculate the p values. C, graph depicting HW/TL (mg/mm) ratio of WT and TLR2-KO male mice of different age groups
(2, 8, and 12 months). n = 12 mice/group. Data are presented as mean * S.D.; ¥, p < 0.05. One-way ANOVA was used to calculate the p values. D, graph
representing left ventricular posterior wall thickness (mm) at diastole of WT and TLR2-KO male mice of different age groups (2, 8, and 12 months). n = 6-7
mice/group. Data are presented as mean = S.D,; *, p < 0.05. One-way ANOVA was used to calculate the p values. E, graph showing left ventricular internal
diameter (mm) during diastole of WT and TLR2-KO male mice of different age groups (2, 8, and 12 months).n = 6 -7 mice/group. Data are presented as mean =
S.D.;*,p <0.05.0ne-way ANOVA was used to calculate the p values. F, graph showing the contractile functions of heart as represented by fractional shortening
(%) of WT and TLR2-KO male mice of different age groups (2, 8, and 12 months). n = 6 -9 mice/group. Data are presented as mean = S.D.; *, p < 0.05. One-way
ANOVA was used to calculate the p values. G, graph representing body weight (g) of 8-month-old WT and TLR2-KO female mice. n = 12 mice/group. Data are
presented as mean * S.D.; *, p < 0.05. Student’s t test was used to calculate the p value. H, graph depicting HW/TL (mg/mm) ratio of 8-month-old WT and
TLR2-KO female mice. n = 12 mice/group. Data are presented as mean = S.D.; ¥, p < 0.05. Student’s t test was used to calculate the p value. /, graph showing
the contractile functions of heart as represented by fractional shortening (%) of 8-month-old WT and TLR2-KO female mice. n = 6 mice/group. Data are
presented as mean * S.D.; ¥, p < 0.05. Student’s t test was used to calculate the p value.

(Fig. 1, A-E). These results suggest that TLR2 deficiency (Fig. 1F), suggesting that chronic TLR2 deficiency causes con-
induces adverse cardiac remodeling and, specifically TLR2-KO tractile dysfunction in male mouse hearts. These overall
mice hearts exhibit spontaneous aging-related heart failure. changes closely resemble the cardiac structure and function of
Interestingly, TLR2 deficiency caused almost a 30% reduction aged mice, which exhibit increased left ventricular dimension,
in fractional shortening in both 8- and 12-month-old male mice ~ decreased wall thickness, and decreased fractional shortening
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(33, 34). To check whether the development of adverse remod-
eling and cardiac dysfunction is gender-dependent, we ana-
lyzed the cardiac structure and function of 8-month-old WT
and TLR2-KO female mice. Our results revealed that female
TLR2-KO mice develop adverse remodeling and contractile
dysfunction, as observed in TLR2-KO male mice (Fig. 1, G-I).
These findings collectively suggest that TLR2 deficiency
induces spontaneous cardiac remodeling and dysfunction in an
age-dependent and gender-independent manner. Therefore,
we performed all further experiments in 8-month-old TLR2-
deficient male mice, unless specified.

TLR2-deficient mice hearts exhibit increased fibrosis and
express fetal genes

Because hearts exhibiting aging-related failure show a reac-
tivation of fetal genes (35), we quantified the expression of fetal
genes in TLR2-KO mice hearts by qPCR analysis. Our results
indicated significantly increased expression of the cardiac fetal
genes for atrial natriuretic peptide (ANP), brain natriuretic
peptide (BNP), and myosin heavy chain, 8 isoform (3-MHC) in
8-month-old TLR2-KO hearts (Fig. 24). On the other hand, the
expression of myosin heavy chain, a isoform (a-MHC) was
markedly lower in these TLR2-KO hearts (Fig. 24). Further
Western blot analysis for ANP also showed significantly higher
expression levels in TLR2-KO mice heart samples as compared
with the WT controls at 8 months of age (Fig. 2B). These find-
ings revealed that TLR2 deficiency reactivates fetal genes, one
of the markers of aging hearts. The aging heart is characterized
by structural and morphological alterations, and one of those
key event is loss of elasticity by increased fibrosis (36). Our
histological analysis revealed no difference in the extent of
fibrosis between 2-month-old WT and TLR2-KO mice (Fig. 2,
C and E). However, analysis of 8-month-old TLR2-KO mice
heart sections revealed a significant increase in interstitial
fibrosis in the ventricle (Fig. 2D, row I), interstitial fibrosis in the
atrium (Fig. 2D, row II), replacement fibrosis in the ventricle
(Fig. 2D, row III), mitral valve fibrosis (Fig. 2D, row IV), and
perivascular fibrosis, both in a cross-section (Fig. 2D, row V)
and in a longitudinal section (Fig. 2D, row VI). Quantification
suggested an increase in fibrosis in the 8-month-old TLR2-KO
mice heart samples (Fig. 2E). Interestingly, our findings of
increased mitral valve fibrosis suggest that TLR2-KO mice
develops accelerated cardiac aging (37). To check whether this
cardiac dysfunction is associated with trans-differentiation of
fibroblasts to myofibroblasts, we performed immunohisto-
chemistry using specific antibody against periostin, a marker
for myofibroblast. We observed a markedly higher number of
myofibroblasts in TLR2 knockout mice hearts as compared
with the WT mice hearts (Fig. 2F). Consistent with the histol-
ogy analysis, we also found changes in the expression of fibrotic
markers such as fibronectin-1 (Fnl) and a-smooth muscle actin
(a-SMA), and periostin in TLR2-KO heart lysates (Fig. 2, G and
H). These findings suggest that deficiency of TLR2 might acti-
vate fetal gene program and induce fibrosis, which could be the
reason for the adverse remodeling and contractile dysfunction
in the heart.

13076 J. Biol. Chem. (2018) 293(34) 1307313089

TLR2-deficient hearts show increased cell death

Cardiomyocyte cell death, either apoptotic or necrotic in
nature, constitutes a key determinant of the aging process in the
heart (38). TUNEL assay results revealed an increased number
of apoptotic nuclei in the TLR2-KO mice hearts as compared
with control mice at 8 months but not at 2 months of age (Fig. 3,
A and B). We performed Western blot analysis for cell death
markers. Our results suggested that TLR2-KO hearts exhibit
higher levels of cleaved PARP-1 and cleaved caspase-3, both of
which are well-known indicators of cell death (39) (Fig. 3C).
Interestingly, we also found an increase in the levels of total
PARP-1 in TLR2-KO mice. This is in accordance with previous
studies that show up-regulated expression of PARP-1 in failing
human hearts (40). Because TUNEL and Western blot assay
results showed increased cell death in TLR2-deficient hearts,
we checked whether TLR2-KO hearts would show muscle
wasting accompanied by atrophic cardiomyocytes (33). We
measured the cardiomyocyte cross-sectional area by wheat
germ agglutinin (WGA) staining to identify the proportion of
atrophic cells in TLR2-KO heart sections. wheat germ aggluti-
nin0-Alexa Fluor 594 staining was used to visualize cardiomyo-
cyte cell membranes, where atrophic cardiomyocytes exhibit
smaller cell area (41). About 4% of the cells in control hearts
showed atrophic cardiomyocytes, whereas TLR2-KO heart sec-
tions exhibited a significantly higher number of atrophic car-
diomyocytes (27%) (Fig. 3, D and E). To further test for muscle
wasting, we measured the expression levels of muscle-specific
ubiquitin ligases, atrogin-1 and MuRF-1, which are well-estab-
lished markers for muscle wasting. We found increased mRNA
levels of both atrogin-1 and MuRF-1 in TLR2-KO hearts (Fig.
3F). To further validate these findings, we performed Western
blot analysis for the atrophic markers atrogin-1, MuRF-1, and
ubiquitin. Our results revealed increased levels of atrogin-1,
MuRF-1, and total ubiquitin in TLR2-KO hearts (Fig. 3, G and
H). These findings indicate that TLR2 deficiency induces cell
death and muscle wasting in an aging-dependent manner and
could be the major contributor for remodeling and dysfunction
in the heart.

TLR2-deficient hearts harbor reduced residual macrophages
and neutrophils

An age-dependent decline in the number of macrophages
has been observed in aging hearts (34, 42). Therefore, we tested
whether TLR2-KO hearts showed any changes in the popula-
tion of macrophages in the heart. We performed histological
analysis to localize the macrophages in control and TLR2-KO
mice hearts. We observed a reduction in the number of macro-
phages in the myocardium of 8-month-old TLR2-KO mice as
compared with the WT mice (Fig. 44). In accordance with pre-
vious studies (13), flow cytometric analysis of adult mice hearts
showed a decrease in the number of macrophages in TLR2-KO
heart samples as compared with the control heart samples (Fig.
4, B and C). These findings are also consistent with the reports
showing down-regulation of immune response genes (42).
Interestingly, we found a lesser number of neutrophils in
TLR2-KO hearts (Fig. 4, B and D), suggesting that TLR2 defi-
ciency impairs the resident macrophages population without
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Figure 2. TLR2 deficiency reactivates fetal gene program and induces cardiac fibrosis. A, gPCR analysis of ANP, BNP, and MHC-«a and - B isoforms in hearts
of 8-month-old WT and TLR2-KO male mice. Actin was used as the housekeeping gene. n = 6-13 mice/group. Data are presented as mean = S.D.; *, p < 0.05.
Student’s t test was used to calculate the p values. B, representative Western blot analysis of ANP and GAPDH in heart lysates of 8-month-old WT and TLR2-KO
male mice. n = 8 mice/group. Our analysis showed that one of eight WT mice displayed ANP expression in the heart. However, seven of eight TLR2-KO mice
showed ANP expression in the heart lysates. C, heart sections of 2-month-old WT and TLR2-KO male mice stained with Masson’s trichrome stain. n = 5
mice/group. Scale bar = 100 wm. Results show no obvious fibrosis in these mice. D, heart sections of 8-month-old WT and TLR2-KO male mice stained with
Masson'’s trichrome stain showing cardiac fibrosis. Blue color indicates the presence of collagen. /, interstitial fibrosis in ventricle; /I, interstitial fibrosis in atrium;
Ill, replacement fibrosis; IV, mitral valve fibrosis; V, perivascular fibrosis in cross-section; and VI, longitudinal section in TLR2-KO hearts. n = 5 mice/group. Scale
bar = 100 um. E, graph showing fibrosis scored in a blinded fashion in heart sections of 8-month-old WT and TLR2-KO male mice stained with Masson's
trichrome stain. The protocol for scoring fibrosis is described under “Experimental procedures.” n = 5 mice/group. Data are presented as mean = S.D.; ¥, p <
0.05. One-way ANOVA was used to calculate the p values. F, representative confocal images stained for periostin, a myofibroblast marker in sections of WT and
TLR2-KO male mice hearts at 8 months of age. Scale bar = 100 um. TLR2-KO mice hearts show more periostin-positive cells, which are stained brown and
marked by black arrows. n = 5 mice/group. G, representative Western blot images showing the expression of markers of fibrosis, i.e. a-smooth muscle actin
(a-SMA), Fn1 and periostin in 8-month-old WT and TLR2-KO male mice heart samples (n = 6 mice/group). H, graph showing the quantification of the protein
levels of a-smooth muscle actin, fibronectin-1, and periostin, which are markers of fibrosis in 8-month-old WT and TLR2-KO male mice heart samples.n = 6
mice/group. Data are presented as mean = S.D.; ¥, p < 0.05. Student’s t test was used to calculate the p values.

increasing the neutrophils in the heart. Next, using ELISA we influence the circulating cytokine levels (Fig. 4E). We also

tested whether TLR2 deficiency modulated the serum cytokine assessed the cytokine mRNA levels in the heart tissues of
profile. Our results suggested that TLR2 deficiency does not TLR2-KO mice and found no significant changes (Fig. 4F).
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Figure 3. TLR2 deficiency promotes cardiac cell death. A, representative images of TUNEL assay showing cell death in sections of WT and TLR2-KO male mice
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quantification of percentage of TUNEL-positive cells in sections of WT and TLR2-KO male mice hearts at 8 months of age.n = 5 mice/group. Data are presented
as mean = S.D,; ¥, p < 0.05. Student’s t test was used to calculate the p value. C, representative Western blot images showing the expression of cell death
markers, cleaved PARP-1, and cleaved caspase-3 in heart samples of 8-month-old WT and TLR2-KO male mice. Note that anti-caspase-3 antibody detects only
the cleaved version, but not the full length. n = 5 mice/group. D, representative confocal images showing WGA staining in sections of WT and TLR2-KO male
mice hearts at 8 months of age. WGA stains the cell boundaries. n = 5 mice/group. Scale bar = 50 um. E, graph showing percentage of atrophic cells measured
in sections of WT and TLR2-KO male mice hearts at 8 months of age by WGA staining. Cells having a cross-sectional area of <700 um? were considered atrophic.
Data are presented as mean = S.D;. *, p < 0.05 with Student’s t test used to calculate the p value. n = 6 mice/group. F, qPCR analysis of atrogin-1 and MuRF-1
mRNA levels in hearts of 8-month-old WT and TLR2-KO male mice. Actin was used as the housekeeping gene. n = 7-10 mice/group. Data are presented as
mean * S.D,; ¥, p < 0.05 with Student’s t test used to calculate the p values. G, representative Western blot images showing expression of atrogin-1, MuRF-1,
and ubiquitin in 8-month-old WT and TLR2-KO male mice heart samples. n = 6 mice/group. H, quantification of protein levels of atrogin-1, MuRF-1, and
ubiquitin in 8-month-old WT and TLR2-KO male mice heart samples. n = 6 mice/group. Data are presented as mean = S.D,; *, p < 0.05 with Student’s t test used
to calculate the p values.

These findings collectively indicate that the reduced macro- and neutrophils inside the heart, even though they have
phage population found in TLR2-deficient hearts is not related  increased expression levels of the cell adhesion molecules.
to cytokines expression. To investigate whether any of the other members of the TLR
Hearts undergoing adverse remodeling show up-regulation family compensate for a deficiency of TLR2, we performed
of cell adhesion molecules ICAM-1, VCAM-1, and MCP-1 (43, Western blot analysis for TLR1, TLR4, and TLR6 in TLR2-
44). Moreover, previous studies have indicated an age-depen-  deficient hearts. TLR1 expression was significantly increased in
dent elevation of ICAM-1 in the heart (45). Our qPCR results the TLR2-KO mice heart as compared with the WT. TLR4 and
indicated the up-regulation of inflammatory markers ICAM-1, TLR6 expression were unaltered in TLR2-KO mice heart when
VCAM-1, and MCP-1 in TLR2-KO hearts (Fig. 54). Western compared with the WT (Fig. 5, D and E). These findings
blot analysis suggested that TLR2-KO hearts have increased revealed that the increased TLR1 levels could be compensatory
expression of ICAM-1 (Fig. 5, B and C). These findings imply  but not sufficient to rescue the defect observed in TLR2-defi-
that a deficiency of TLR2 impairs the number of macrophages cient hearts. We then assessed the expression of endogenous
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Figure 4. TLR2 regulates macrophage infiltration to heart. A, representative hematoxylin and eosin-stained images showing the macrophages in sections
of WT and TLR2-KO hearts of 8-month-old male mice. Black arrows indicate macrophages, blindly assessed by a pathologist. scale bar = 20 um.n = 5
mice/group. B, representative scatter plots showing the Ly6G-positive neutrophils (green, FITC staining) and F4/80-positive macrophages (red, PE staining) in
heart tissues of 8-month-old WT and TLR2-KO male mice assessed by flow cytometry. n = 7-8 mice/group. C, graph showing percentage of F4/80-positive
macrophages in heart tissues of 8-month-old WT and TLR2-KO male mice assessed by flow cytometry. n = 8 mice/group. Data are presented as mean = S.D;
*,p < 0.05 with Student’s t test used to calculate the p value. D, graph showing percentage of neutrophils in heart tissues of 8-month-old WT and TLR2-KO male
mice assessed by flow cytometry. n = 8 mice/group. Data are presented as mean =+ S.D.; ¥, p < 0.05 with Student’s t test used to calculate the p value. £, analysis
of serum cytokine profile in WT and TLR-KO mice by ELISA. n = 6 -8 mice/group. Data are presented as mean = S.D.; ¥, p < 0.05 with Student’s t test used to
calculate the p value. F, gPCR analysis of the mRNA levels of cytokines in the heart tissues of WT and TLR-KO mice. n = 7-8 mice/group. Data are presented as
mean * S.D.; ¥, p < 0.05 with Student’s t test used to calculate the p value.

heart (46). Interestingly, TLR2 signaling has been shown to
cross-talk with PI3K/Akt signaling (25-27). Therefore, we
investigated the Akt signaling in young (2 months) and aged (8
months) TLR2-KO heart lysates by Western blotting. Interest-
ingly, we found markedly lower phosphorylation of Akt at Ser-
473 and its well-characterized substrates, GSK38 and FoxOl,
and increased levels of FoxO1 (Fig. 6, A and B) in both age
groups. Previous studies have demonstrated that Akt phosphor-
ylates and inactivates FoxO by promoting its nuclear exclusion

TLR ligands in TLR2-KO hearts (11). Interestingly, the mRNA
levels of several endogenous TLR ligands such as hsp60, hsp70,
MBD2, MBD3, versican, biglycan, and Atgtrla were up-regu-
lated in TLR2-KO hearts (Fig. 5F). It may be because of a com-
pensatory response to TLR2 deficiency in murine hearts.

TLR2 deficiency impairs Akt signaling in the heart

PI3K/Akt signaling is one of the key mediators that regulate
aging-associated cardiac remodeling and muscle wasting in the

J. Biol. Chem. (2018) 293(34) 13073-13089 13079
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Figure 5. TLR2 deficiency increases the expression of cell adhesion mol-
ecules in heart. A, gPCR analysis of the mRNA levels of cell adhesion mole-
cules, ICAM-1, VCAM-1, and MCP-1 in hearts of 8-month-old WT and TLR2-KO
male mice. Actin was used as the housekeeping gene. n = 7-10 mice/group.
Data are presented as mean = S.D.; ¥, p < 0.05 with Student’s t test used to
calculate the p values. B, representative Western blot images showing the
expression of ICAM-1 in heart samples of 8-month-old WT and TLR2-KO male
mice. n = 6 mice/group. C, quantification for the protein levels of ICAM-1 in
heart samples of 8-month-old WT and TLR2-KO male mice. n = 6 mice/group.
Data are presented as mean = S.D.; ¥, p < 0.05 with Student’s t test used to
calculate the p value. D, representative Western blot images showing the
expression of TLR1, TLR2, TLR4, and TLR6 in the heart samples of 8-month-old
WT and TLR2-KO male mice.n = 6 mice/group. E, quantification of TLR1, TLR2,
TLR4, and TLR6 protein levels in 8-month-old WT and TLR2-KO male mice
heart samples assessed by Western blotting. n = 6 mice/group. Data are
presented as mean = S.D.; ¥, p < 0.05 with Student’s t test used to calculate
the p values. Note that TLR2 antibody on higher exposure gives a weak band
in TLR2-KO mice heart. F, gPCR analysis of mRNA levels of TLR ligands in WT
and TLR2-KO male mice heart samples. n = 6-8 mice/group. Data are pre-
sented as mean = S.D.; ¥, p < 0.05 with Student’s t test used to calculate the p
values.

(47). Because we found reduced phosphorylation of FoxO in
TLR2-KO mice, we suspected that TLR2-deficient cells might
display increased nuclear levels of FoxO. As expected, we
observed increased nuclear localization of FoxO1 in TLR2-de-
ficient cardiomyocytes by confocal microscopy (Fig. 6, C and
D). Similarly, we also noted increased nuclear localization of
FoxO3a (data not shown). Next, we tested the transcriptional
activity of FoxO in control and TLR2-KO cardiomyocytes. To
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check the transcriptional activity of FoxO, we performed a
luciferase assay in cardiomyocytes isolated from control and
TLR2-KO mice using a plasmid construct carrying 6 X FoxO-
binding sites. Consistent with our previous findings, we
observed significantly higher transcriptional activity of FoxO in
TLR2-deficient cardiomyocytes (Fig. 6E). However, cardiac
fibroblasts isolated from TLR2-KO mice failed to show
enhanced transcriptional activity of FoxO (Fig. SIA). These
findings demonstrate that TLR2 deficiency impairs Akt signal-
ing and thus activates the FoxO transcription factors. To fur-
ther verify the increased transcriptional activation of FoxO, we
performed a confocal analysis in TLR2-KO cardiomyocytes for
the expression levels of ubiquitin, atrogin-1, MuRF-1, BAX,
AIF, cleaved caspase-3, and ICAM-1, which are targets of FoxO
transcription factors (48), and found that all these proteins
showed increased expression in TLR2-KO cardiomyocytes
(Fig. 6, Fand G). However, the expression of FoxO target genes,
i.e. BAX, caspase-3, and AIF, was not affected in TLR2-deficient
cardiac fibroblasts (Fig. S1, Band C). These results indicate that
TLR2 deficiency might have a significant impact on cardiomyo-
cytes as compared with cardiac fibroblasts. Further, Western
blot analysis for BAX and AIF, which are also FoxO target
genes, show increased protein levels in TLR2-KO mice heart
samples (Fig. 6, H and /). To further validate our findings, we
tested the endogenous mRNA levels of the FoxO target cell
cycle arrest and cell death genes p16, p21, p53, TRAIL, and
GADDA45A in control and TLR2-KO mice hearts. We observed
significant up-regulation in the expression levels of p16, p21,
p53, TRAIL, and GADD45A in TLR2-deficient hearts (Fig. 6)).
Collectively, these findings indicate that TLR2 deficiency
impairs Akt activity and thus enhances the transcriptional
activity of FoxO to induce the expression of genes involved in
cardiac atrophy and cell death.

Inhibition of FoxO rescues the defects in TLR2-KO
cardiomyocytes and TLR2-KO mouse hearts

Because TLR2-KO mice show a hyperactive FoxO transcrip-
tion factor, we performed a series of rescue experiments to
understand whether inhibition of FoxO attenuates the total
protein ubiquitination and expression of atrogenes in TLR2-
deficient mice. In this experiment, we used neonatal car-
diomyocytes isolated from TLR2-KO mice. It should be noted
that neonatal cardiomyocytes may not mirror the aging pheno-
type found in mice. As our previous findings suggest that
TLR2-KO neonatal cardiomyocytes show augmented FoxO
activity, we inhibited the endogenous FoxO activity in car-
diomyocytes by a dominant-negative FoxO-expressing adeno-
virus. When cardiomyocytes were infected with the dominant-
negative FoxO adenovirus, we found an almost 50% reduction
in transcriptional activity of endogenous FoxO, indicating that
FoxO dominant-negative virus is functionally active (data not
shown). We probed for the expression levels of MuRF-1,
atrogin-1, and total cellular ubiquitin by confocal microscopy
in control and TLR2-KO cardiomyocytes infected with domi-
nant-negative FoxO adenovirus. We observed a significant
down-regulation of total protein ubiquitination, atrogin-1, and
MuRE-1 levels in TLR2-deficient cardiomyocytes following
dominant-negative FoxO expression (Fig. 7, A and B). We per-
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Figure 6. TLR2 regulates FoxO via activation PI3K/Akt pathway. A, representative Western blot images showing levels of indicated proteins in heart
samples of 2-month-and 8-month-old WT and TLR2-KO male mice. n = 6 mice/group. B, quantification of protein levels of p-Akt, p-FoxO1, and p-GSK3Bin the
heart samples of 2-month-and 8-month-old WT and TLR2-KO male mice. n = 6 mice/group. Data are presented as mean = S.D.; ¥, p < 0.05 with Student's t test
used to calculate the p values. C, representative confocal images showing WT and TLR2-KO cardiomyocytes stained with antibodies against FoxO1. Merged
images (cyan) show nuclear (blue) presence of FoxO1 (green). Zoomed images show the increased nuclear levels of FoxO1 in TLR2-KO cardiomyocytes. n = 3
independent experiments. Scale bar = 20 um. D, quantification of percentage of nuclei having FoxO1 in WT and TLR2-KO cardiomyocytes. n = 3 independent
experiments. ¥, p < 0.05 with Student'’s t test used to calculate the p values. E, graph showing luciferase reporter activity in WT and TLR2-KO cardiomyocytes
transfected with FoxO-Luc plasmid. Renilla-Luc was used for normalization. Data are presented as mean =+ S.D., n = 3 independent experiments; *, p < 0.05
with Student's t test used to calculate the p values. F, representative confocal images of WT and TLR2-KO cardiomyocytes stained for FoxO downstream targets,
i.e. ubiquitin, atrogin-1, MuRF-1, BAX, AIF, cleaved caspase-3 (Cas-3) and ICAM-1. n = 3 independent experiments. G, quantification of the expression levels as
seen with confocal microscopy of the FoxO downstream targets, i.e. ubiquitin, atrogin-1, MuRF-1, BAX, AIF, Cas-3 and ICAM 1.n = 3 independent experiments.
Data are presented as mean = S.D.; ¥, p < 0.05 with Student’s t test used to calculate the p values. H, representative Western blotimages showing the expression
of BAX and AIF in heart samples of 8-month-old WT and TLR2-KO male mice. n = 6 mice/group. /, quantification for the protein levels of BAX and AIF in heart
samples of 8-month-old WT and TLR2-KO male mice. n = 6 mice/group. Data are presented as mean * S.D.; *, p < 0.05 with Student’s t test used to calculate
the pvalues. J, gPCR analysis of the mRNA levels of FoxO downstream targets, i.e. p21, p16, p53, TRAIL, and GADD45 in 8-month-old WT and TLR2-KO male mice
heart samples. RPL32 was used as the housekeeping gene. n = 7-12 mice/group. Data are presented as mean = S.D,; *, p < 0.05 with Student’s t test used to
calculate the p values.
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formed in vivo rescue experiments by injecting control and
TLR2 knockout mice with the FoxO1 inhibitor AS1842856 to
further validate our findings. Our results suggest that inhibition
of FoxOl significantly reduced the HW/BW and HW/TL
ratios, as well as the LVID, and improved the wall thickness and
fractional shortening in TLR2-KO mice (Fig. 7, C-G). These
observations indicate that hyperactivation of FoxO1 is respon-
sible for the adverse remodeling and contractile dysfunction in
TLR2-KO mice. To test whether the observed phenotype is
associated with changes in the expression of FoxO target
muscle wasting and cell death genes, we performed Western
blot analysis for the levels of MuRF-1, atrogin-1, and TRAIL
in vehicle and inhibitor-treated TLR2-KO mice. We found
that the protein amounts of MuRF-1, atrogin-1, and TRAIL
were reduced significantly in TLR2-KO mice following
FoxO1 inhibitor treatment (Fig. 7, H and /). Collectively, our
data indicate that the hyperactivation of FoxO transcription
factors is responsible for the development of aging-related
adverse remodeling and contractile dysfunction in TLR2-KO
mice.

Activation of TLR1/2 signaling improved contractile functions
of aged mice

As TLR2-KO mice develop aging-related heart failure, we
tested whether TLR2 plays any role in aging-related decline in
the cardiac function of aged mice. First, we assessed the expres-
sion of TLR2 and phosphorylation of Akt in young and old
mice. Interestingly, the protein levels of TLR2 was significantly
lower in the heart tissues of aged mice, which was correlated
with reduced phosphorylation of Akt (Fig. 8, A and B). Next, we
tested whether activation of TLR2 signaling by Pam;CSK,,
an agonist of TLR1/2 signaling (49), would improve heart
functions. Short-term treatment with Pam;CSK, markedly
improved the macrophages levels in the heart tissues of aged
mice (Fig. 8, Cand D). However, Pam;CSK, treatment failed to
up-regulate the serum cytokine levels (Fig. 8E), suggesting that
Pam,CSK, at this dose did not elicit any systemic immune
response. Assessment of cardiac structure and function indi-
cated that Pam;CSK, treatment did not alter either the ventric-
ular wall thickness or LVID. However, Pam;CSK, treatment
significantly improved the contractile functions of the heart as
assessed by echocardiography (Fig. 8, F-H). These findings sug-
gest that activation of TLR signaling might improve the con-
tractile functions of the heart in aged mice.

Discussion

In the present study, we found that TLR2-deficient mice
developed accelerated aging-associated cardiac remodeling
and dysfunction, which closely resembles heart failure during
aging. We found that TLR2-deficient hearts show impaired Akt
activity, thus increasing the transcriptional activity of FoxO
transcription factors. FoxO hyperactivation lead to transcrip-
tional up-regulation of genes involved in cell death and cardiac
muscle wasting, which might have induced heart failure in
TLR2-KO mice. We also found that TLR2 levels decreased dur-
ing aging, and activation of TLR1/2 signaling improved cardiac
function in aged mice.

13082 J Biol. Chem. (2018) 293(34) 1307313089

In our work, we have demonstrated the development of age-
dependent cardiac remodeling and dysfunction in TLR2-KO
mice. Our data indicate that TLR2-deficient mice are obese
even at 2 months of age, as reported previously (22). TLR2 defi-
ciency increases the susceptibility to high-fat diet—induced
obesity (22). A previous work identifies ventricle enlargement, a
hallmark of schizophrenia, in the brains of TLR2-KO mice (50).
Along similar lines, TLR2-deficient mice develop severe colitis
in an aging-dependent manner (23), indicating that TLR2-de-
ficient mice are susceptible to aging-related diseases. These
findings are in contrast to earlier reports in which TLR2-defi-
cient mice were protected from S. aureus- or doxorubicin-in-
duced cardiac dysfunction, myocardial infarction, and athero-
sclerosis (20). However, it is worth mentioning that these
studies were conducted with young TLR2-KO mice. In our
study, we found cardiac dysfunction in TLR2-KO mice, accom-
panied by increased cell death. Like our findings, a previous
work has shown that blocking TLR2 signaling increases cell
death following oxidative stress in rat cardiomyocytes (15).
Therefore, loss of TLR2 seems to be detrimental and would
increase the susceptibility of cardiomyocytes to aging and
stress.

TLR2 activation has been shown to activate the TLR2/PI3K/
Akt pathway in the brain (51). In chronic heart failure patients,
IGF-1/Akt signaling has been reported to be down-regulated,
leading to muscle wasting of the heart (52). Previous reports
have shown up-regulated transcriptional activity of FoxO1 in
failing hearts in humans and mice (31). This is in accordance
with our study, where we found increased FoxO levels in a
TLR2-deficient background, which in turn lead to the develop-
ment of heart failure. Classical studies conducted using trans-
genic animal models indicate that the targeting of Akt to the
nucleus inhibits apoptosis and preserves cardiac functions dur-
ing heart failure (52). Similarly, inhibition of Akt by overexpres-
sion of a dominant-negative PI3K mutant or ablation of Akt in
the heart results in a lack of adaptive responses to the stress.
Thus, the cardioprotective effects displayed by the TLR ago-
nists are attributed to the induction of PI3K/Akt signaling (53).

Generally, TLR2 forms heterodimers with either TLR1 or
TLR6 on the cell surface to recognize a variety of endogenous
and exogenous ligands (54, 55). The phenomenon of TLR2 het-
erodimerization expands the ligand spectrum but does not
essentially induce differential signaling (56). Interestingly,
TLR2/6 but not TLR1/2 heterodimers bind to Junin virus gly-
coprotein to initiate the immune response (57). On similar
lines, the Meningococcal porin PorB interacts with TLR2 and
initiates signaling via TLR1 (58). The heterodimers of TLR2/6
or TLR1/2 are necessary for ligand-dependent signal activation,
and homodimers of TLR2 or TLR1 are incapable of initializing
signaling (54). Still, it is unclear whether TLR1 or TLR6 can
activate host immune response in the absence of TLR2 involve-
ment (59). In our work, we found that TLR1 levels were high in
TLR2-KO mice. However, the compensatory up-regulation of
TLR1 in the TLR2-KO mice may not result in any functional
phenotype, as TLR1 homodimers are incapable of activating
the TLR signaling.

TLR ligands, including heat shock proteins and HMGB], are
released from senescent cells via exosomes (60, 61). These TLR
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Figure 7. Inhibition of FoxO1 rescues the phenotype of TLR2-depleted cardiomyocytes and TLR2-KO mice. A, representative confocal images of WT and
TLR2-KO cardiomyocytes infected with control adenovirus (Ad-Null) or dominant-negative FoxO adenovirus (Ad-FoxO DN) stained with antibodies against
ubiquitin, atrogin-1, and MuRF-1. n = 3 independent experiments. Scale bar = 10 um. B, quantification for the levels of expression of ubiquitin, MuRF-1, and
atrogin-1 in WT and TLR2-KO primary cardiomyocytes infected with either control adenovirus or dominant-negative FoxO adenovirus. n = 3 independent
experiments. Data are presented as mean = S.D,; *, p < 0.05 with one-way ANOVA used to calculate the p values. C, graph showing HW/BW ratio of
12-month-old WT and TLR2-KO male mice injected with either vehicle or FoxO1 inhibitor AS1842856.n = 12 mice/group. Data are presented as mean = S.D.;
*, p < 0.05 with one-way ANOVA used to calculate the p values. D, graph depicting HW/TL (mg/mm) of 12-month-old WT and TLR2-KO male mice injected with
either vehicle or FoxO1 inhibitor AS1842856.n = 12 mice/group. Data are presented as mean * S.D.; ¥, p < 0.05 with one-way ANOVA used to calculate the p
values. E, graph representing left ventricular posterior wall thickness (mm) at diastole of 12-month-old WT and TLR2-KO male mice injected with either vehicle
or FoxO1 inhibitor AS1842856. n = 6 mice/group. Data are presented as mean =+ S.D.; *, p < 0.05 with one-way ANOVA used to calculate the p values. F, graph
showing left ventricular internal diameter (mm) during diastole of 12-month-old WT and TLR2-KO male mice injected with either vehicle or FoxO1 inhibitor
AS1842856. n = 6 mice/group. Data are presented as mean = S.D.; *, p < 0.05 with one-way ANOVA used to calculate the p values. G, graph showing the
contractile functions of heart as represented by fractional shortening (%) of 12-month-old WT and TLR2-KO male mice injected with either vehicle or FoxO1
inhibitor AS1842856. n = 6 mice/group. Data are presented as mean = S.D.; *, p < 0.05 with one-way ANOVA used to calculate the p values. H, Western blot
analysis for FoxO target genes MuRF-1, atrogin-1,and TRAIL in heart samples of 12-month-old WT and TLR2-KO male mice treated with either vehicle or FoxO1
inhibitor AS1842856. n = 6 mice/group. /, quantification for the protein levels of FoxO target genes MuRF-1, atrogin-1, and TRAIL in heart samples of
12-month-old WT and TLR2-KO male mice treated with either vehicle or FoxO1 inhibitor AS1842856. n = 6 mice/group. *, p < 0.05 with one-way ANOVA to
calculate the p values.
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5-8mice/group. Dataare presented as mean = S.D.; *, p < 0.05 with Student’s t test used to calculate the p value. F, graph representing left ventricular posterior
wall thickness (mm) at diastole of 12-month-old WT mice before and after treatment with either vehicle or Pam;CSK,, n = 5 mice/group. Data are presented as
mean = S.D.;*, p < 0.05 with one-way ANOVA used to calculate the p values. G, graph showing LVID (mm) during diastole of 12-month-old WT mice before and
after treatment with either vehicle or Pam;CSK,, n = 5 mice/group. Data are presented as mean * S.D.; *, p < 0.05 with one-way ANOVA used to calculate the
p values. H, graph showing the contractile functions of heart as represented by fractional shortening (%) of 12-month-old WT before and after treatment with
either vehicle or Pam;CSK,, n = 5 mice/group. Data are presented as mean = S.D,; *, p < 0.05 with one-way ANOVA used to calculate the p values.

ligands can be also released from cells that are undergoing
necrosis. After release, the heat shock proteins and HMGB1
binds to innate immune receptors, especially TLR2 and TLR4
situated on resident immune cells. Interestingly, they can also
bind directly to several other surface receptors such as CD91,
scavenger receptors, CD40, and CCR5 to promote inflamma-

13084 J. Biol. Chem. (2018) 293(34) 1307313089

tory responses in neighboring tissues (62, 63). Our findings sug-
gest that the expression of TLR agonists is high in the heart
tissue of TLR2-KO mice. The increased level of heat shock pro-
teins and HMGB1 may be an attempt to enhance inflammatory
responses in the heart of TLR2-KO mice. This hypothesis is
consistent with our observation that TLR2-KO mice hearts
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express enhanced expression of cell adhesion molecules
ICAM-1, VCAM-1, and MCP-1 and show augmented cell
death.

Macrophages, apart from their well-documented role in tis-
sue homeostasis and host defense, play a critical role in patho-
physiological processes induced by myocardial infarction (64).
Macrophages facilitate the conduction of electrical impulses in
the heart (65). A reduction in the number of macrophages in the
heart after infarction in mice has been reported to correlate
with increased mortality and impaired cardiac repair (66).
Interestingly, TLR2 deficiency is associated with reduced
immune cells infiltration in the heart (67). Mice treated with
anti-TLR2 antibody have reduced macrophage infiltration.
Similar results were obtained in our study, where we observed
reduced infiltration of macrophages in the hearts of TLR2-KO
mice, even though up-regulation of MCP-1 was observed. The
improvement of cardiac function in aged mice by TLR1/2 ago-
nist treatment is associated with an increased number of
macrophages and neutrophils in the heart.

TLR signaling has been reported to be impaired with aging
(24). Decreased surface expression of TLR1 has been reported
to be strongly associated with the reduction in the production
of cytokines (68). Further, aging-associated immune response
impairment can be seen with the decline in delayed-type hyper-
sensitivity response (69). In other cases, an alteration in TLR
response due to aging has been reported to contribute to an
increase in the risk of infectious diseases (70). One of the prob-
able mechanisms of impaired TLR signaling in the context of
human aging is a decrease in PI3K activity, which is associated
with an increase in the phosphorylation of PTEN (71) and
impaired down-regulation of phosphorylation of STAT1 in
macrophages (70). These events are responsible for an increase
in TLR-dependent cytokine production during aging (24). In
contrast, aging-associated decline in TLR expression and sig-
naling have been reported in murine models, which in turn is
associated with impaired phosphorylation of MAP kinase
(68). We found that TLR2 levels are reduced in aged mice
hearts. Based on current findings, we argue that the age-
related defect in TLR signaling in macrophages may play a
major role in the development of age-dependent cardiac dys-
function in TLR2-KO mice.

Major studies regarding polymorphisms in TLRs have been
carried out on a specific TLR4 polymorphism D299G (24).
Some studies show that this SNP is associated with impaired
lipopolysaccharide-induced signaling (72, 73). In contrast,
other studies carried out in primary human cells isolated
from heterozygous individuals for D299G SNP show either
unchanged or increased lipopolysaccharide-induced cytokine
response (73—76). Moreover, attenuated inflammation in cases
of diminished TLR4 function result in decreased TLR respon-
siveness (77). The authors of this study report that in a set of
Sicilian subjects, the SNP D299G was over-represented in peo-
ple at the age of 100 or older but under-represented in patients
with acute myocardial infarction (77). However, future studies
will be required to understand the role of TLR2 signaling in the
development of heart failure and other aging-related diseases in
humans.
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Overall, our findings indicate that the loss of TLR2 is detri-
mental to the heart. We believe that the observed cardiomyop-
athy phenotype might be a combined effect of a TLR2 defect in
cardiomyocytes and immune cells, as we found more cell death,
atrophy, and fibrosis in TLR2-KO hearts. Because TLR2 is
expressed in most of the cell types of the heart, future studies
will be required to address the cell-specific role of TLR2 in the
maintenance of cardiac homeostasis.

Experimental procedures
Animals, cell culture, reagents, and methods

All animal protocols were carried out with the approval of
institutional animal ethics committee of the Indian Institute of
Science, Bengaluru, constituted as per Article 13 of the Com-
mittee for Control and Supervision of Experiments on Animals
(CPCSEA), Government of India. All of the studies conformed
with the Update for the Care and Use of Laboratory Animals,
Guide for the Care and Use of Laboratory Animals, 8th edition,
published by the U. S. National Institutes of Health (NIH Pub-
lication 2011). TLR2-KO mice were purchased from The Jack-
son Laboratory (B6.129-T1r2™/], stock No. 004650). These
TLR2-KO mice are deficient in TLR2 in all cell types. Animals
were housed in the clean-air facility of the Indian Institute of
Science in individually ventilated cages with food and water ad
libitum. Genotyping was used to confirm the genetic modifica-
tion for each mouse used in the study. A CO, chamber was used
for sacrificing the mice, and heart tissues were harvested. Pri-
mary cardiomyocytes were isolated from the neonatal WT and
TLR2-KO mice as per the previously described protocol (78).
Adenovirus for dominant-negative FoxO expression was a kind
gift from Mahesh P. Gupta, University of Chicago. Mice were
injected daily for 10 days with FoxO1 inhibitor AS1842856
(Millipore) at a dose of 5 mg/kg for in vivo rescue experiments.
Pam;CSK, a TLR1/2 agonist, was injected i.p. in mice at 100
pg/dose/mice every 48 h for 10 days.

Western blot analysis

A previously reported protocol was used for Western blot-
ting (79). Mice heart tissue and cell lysates were prepared with
lysis buffer containing 1 mm EDTA, 1 mm EGTA, 50 mm Tris-
HCI, pH 7.8, 1% Nonidet P-40, 150 mm NaCl, 0.5% sodium
deoxycholate, and 1% SDS supplemented with sodium or-
thovanadate, sodium pyrophosphate, a protease inhibitor mix-
ture (Sigma), and phenylmethylsulfonyl fluoride. Bradford
assay was used to determine the protein concentration. The
antibodies used are as follows: fibronectin-1 (Santa Cruz Bio-
technology), a-smooth muscle actin (Sigma-Aldrich), periostin
(Cloud-Clone Corp.), ANP (Cloud-Clone Corp.), cleaved
caspase-3 (Santa Cruz Biotechnology), PARP-1 (Santa Cruz
Biotechnology), BAX (Santa Cruz Biotechnology), AIF (Thermo
Scientific), ubiquitin (Millipore), ICAM-1 (DSHB), Atrogin-1
(Thermo Scientific), Akt1/2/3 (Santa Cruz Biotechnology),
p-Akt (Ser-473) (Cell Signaling Technology), GSK-3p (Cell Sig-
naling Technology), and p-GSK-3p (Cell Signaling Technol-
ogy). GAPDH (Santa Cruz Biotechnology) and HRP-actin (Cell
Signaling Technology) were used as the loading control. The
blots were developed using ECL reagents in a ChemiDoc Touch
chemiluminescence detection system (Bio-Rad).
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Confocal microscopy

Our previous publications describe the detailed protocol for
immunofluorescence (79). Paraformaldehyde (3.7%) was used
for fixing cells, and 0.2% Triton X-100 was used for permeabi-
lization. Following incubation with the respective primary anti-
bodies, cells were incubated with secondary antibodies conju-
gated with Alexa Fluor 488 and/or 546 (Thermo Scientific). The
primary antibodies used were FoxO-1 (Cell Signaling Technol-
ogies), ubiquitin (Millipore), atrogin-1 (Cloud-Clone Corp.),
MuRF-1 (Santa Cruz Biotechnology), BAX (Santa Cruz Bio-
technology), AIF (Thermo Scientific), caspase-3 (Santa Cruz
Biotechnology), and ICAM-1 (Cloud-Clone Corp.). The nuclei
were stained using Hoechst. A Carl Zeiss LSM 710 confocal
microscope was used to acquire images.

Luciferase reporter assay

The cells were transfected with FoxO-Luciferase reporter
plasmid with 6 X FoxO-binding sites using Lipofectamine 2000
(Invitrogen). A Renilla-Luc reporter plasmid was used for nor-
malization. A luminometer was used to measure the lumines-
cence (Pharmingen Moonlight 3010, BD Biosciences).

Histology and immunohistochemistry

Age-matched WT and TLR2-KO mice hearts were collected
and were immediately fixed in 10% neutral buffered formalin.
Tissue processing was done with an automated tissue processor
(Leica Biosystems, Wetzlar, Germany). Paraffin-embedded
4-pm-thick tissue sections were stained with Masson’s
trichrome stain (Sigma) to observe and measure fibrosis. Fibro-
sis was scored in the sections on a scale of 1 to 5, with 5 indicat-
ing maximum fibrosis. Hematoxylin and eosin staining was
done to score macrophage infiltration and atrophy in control
and TLR2-KO mice hearts. Myocyte cell size was measured
using sections stained with WGA (Invitrogen, 5 pg/ml). For
immunohistochemistry, formalin-fixed paraffin-embedded tis-
sue sections (5-um thick) were cut and mounted on poly-L-
lysine (Sigma-Aldrich)—coated slides and air-dried for 30 min.
Anti-periostin and anti-CD-163 hyperimmune serum raised in
rabbit (Cloud-Clone Corp.) were diluted to 1:150 in 1% BSA,
and goat anti-rabbit IgG-HRP conjugate (Santa Cruz Biotech-
nology) was used as the secondary antibody at a 1:150 dilution
in PBS. 3,3’'-Diaminobenzidine (DAB, Abcam) substrate was
prepared as per the manufacturer’s recommendation, and
counterstaining was done with methyl green. DAB-stained sec-
tions were mounted with DPX mountant (Sigma-Aldrich). For
the negative control, the primary antibody was substituted by
1% BSA, and other procedures were followed as mentioned
above. A TUNEL assay was performed according to the man-
ufacturer’s protocol (Abcam).

Echocardiography of mice

Mice were anesthetized through isoflurane (~1%) inhala-
tion. The chest hair of the mice was removed using a topical
depilatory agent. For electrogram grating, limb leads were
attached, and a VisualSonics Vevo 1100 machine was used to
image the animals in the left lateral decubitus position. A
heated imaging platform along with warming lamps was used to
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maintain the body temperature of the animals. Left ventricular
chamber size and the wall thickness were measured, and frac-
tional shortening was calculated.

Real-time qPCR analysis

Protocol for real-time qPCR has been described in our pre-
vious publication (79). The primer sequences used were as fol-
lows: ANP forward, 5'-CCTGTGTACAGTGCGGTGTC-3/,
and reverse, 5'-CCTCATCTTCTACCGGCATC-3'; BNP for-
ward, 5'-AAGGGAGAATACGGCATCATTG-3', and reverse,
5'-ACAGCACCTTCAGGAGATCCA-3’; a-MHC forward,
5'-TAAAATTGAGGACGAGCAGGC-3', and reverse, 5'-TCC-
AGCTCCTCGATGCGT-3'; B-MHC forward, 5'-AGCAGC-
AGTTGGATGAGCGACT-3',and reverse, 5'-CCAGCTCCT-
CGATGCGTGCC-3'; TRAIL forward, 5'-CGGAGAAGCAA-
CTCAGCTTTA-3',and reverse, 5'-GTTGAGAAATGAATG-
CCCTTTCC-3’; GADD45A forward, 5'-GACATCAACATC-
CTGCGGGT-3’, and reverse, 5'-TGAATGTGGGTTCGTC-
ACCAG-3'; ICAM-1 forward, 5'-TACGTGTGCCATGCCT-
TTAGC-3’, and reverse, 5'-GCCCACATTGACCAGCAGTA-
3'; VCAM-1 forward, 5'-TCTCTCAGGAAAGTCCACCC-3/,
and reverse, 5'-CACAGCCAATAGCAGCACAC-3’; MCP-1
forward, 5'-CCACAACCACCTCAAGCACT-3’, and reverse,
5'-TAAGGCATCACAGTCCGAGTC-3'; atrogin-1 forward,
5'-AGCGCTTCTTGGATGAGAAA-3', and reverse, 5'-GGC-
AGTCGAGAAGTCCAGTC-3'; MuRF-1 forward, 5'-TGCC-
TGGAGATGTTTACCAAGC-3’, and reverse, 5'-AAACGA-
CCTCCAGACATGGACA-3’; p16 forward, 5'-CGTACCCC-
GATTCAGGTGATG-3', and reverse, 5'-AGAAGGTAGTG-
GGGTCCTCG-3'; p21 forward, 5'-GACAAGAGGCCCAGT-
ACTTC-3', and reverse, 5'-GCTTGGAGTGATAGAAATA-
TGTC-3'; p53 forward, 5'-CACAGCGTGGTGGTACCTTA-
3’, and reverse, 5'-TCTTCTGTACGGCGGTCTCT-3’; and
GAPDH forward, 5'-TATGTCGTGGAGTCTACTGGT-3/,
and reverse, 5'-GAGTTGTCATATTTCTCGTGG-3'.

Flow cytometry analysis

Whole hearts from WT and TLR2 knockout mice were
digested as described earlier (80). A previously described pro-
tocol was followed for the staining of isolated cells (81). A sin-
gle-cell suspension of cells isolated from the heart was washed
and resuspended in a blocking buffer composed of 2.5% BSA,
5% fetal calf serum, and a 1:200 dilution of purified rat anti-
mouse CD16/CD32 antibody (catalogue No. 553141, BD
Pharmingen™"). Anti-mouse F4/80-PE (catalogue No. 12-4801-
82, eBioscience) and anti-mouse Ly-6G—FITC (catalogue No.
551460, BD Pharmingen™") were added to the cell suspensions
to stain for macrophages and neutrophils, respectively. The
cells were kept at 4 °C for 45 mins in the dark and washed
subsequently with PBS. The cells were then resuspended in PBS
and acquired on a BD FACSVerse™ flow cytometer.
Unstained and single fluorochrome-stained cells were used to
set the baseline instrument application and compensation set-
tings. Approximately 50,000 events were acquired on the sin-
glet (forward scatter area versus forward scatter height) and live
gate (forward scatter area versus side scatter area (SSC-A)).
Using the unstained samples as reference, the gates for PE-
positive (macrophages) and FITC-positive (neutrophils) cells
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were set, and the respective cell populations were quantified.
The results were analyzed using the software BD FACSDiva™
(BD Biosciences) and are depicted as SSC-A versus FITC/PE
contour plots.

Serum cytokine analysis

Blood was collected by cardiac puncture from age-matched
WT and TLR2-KO mice. Blood was allowed to clot at room
temperature for 2 h, and serum was separated by centrifugation
at 3000 rpm for 10 min. The amounts of proinflammatory
cytokines, e.g. IFNvy, TNFq, IL6, IL17, and IL1B (1:10 dilu-
tion), were estimated in sera using sandwich ELISA kits from
eBioscience. The final optical density reading was obtained
at 450 nm using an ELISA plate reader (Molecular Devices)
with appropriate standards (31.25-2000 pg/ml) for each
cytokine and chemokine.

Quantification and statistical analysis

Data analysis and graph preparation were performed using
GraphPad Prism. Confocal images were analyzed using the
image analysis software ZEN. Densitometric analysis of West-
ern blotting and confocal images were performed using Image]J
software.
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